Heterozygous LIS1 mutations are responsible for the human neuronal migration disorder lissencephaly. Mitotic functions of LIS1 have been suggested from many organisms throughout evolution. However, the cellular functions of LIS1 at distinct intracellular compartments such as the centrosome and the cell cortex have not been well defined especially during mitotic cell division. Here, we used detailed cellular approaches and time-lapse live cell imaging of mitosis from Lis1 mutant mouse embryonic fibroblasts to reveal critical roles of LIS1 in mitotic spindle regulation. We found that LIS1 is required for the tight control of chromosome congression and segregation to dictate kinetochore -microtubule (MT) interactions and anaphase progression. In addition, LIS1 is essential for the establishment of mitotic spindle pole integrity by maintaining normal centrosome number. Moreover, LIS1 plays crucial roles in mitotic spindle orientation by increasing the density of astral MT plus-end movements toward the cell cortex, which enhances cortical targeting of LIS1 -dynein complex. Overexpression of NDEL1 -dynein and MT stabilization rescues spindle orientation defects in Lis1 mutants, demonstrating that mouse LIS1 acts via the LIS1 -NDEL1 -dynein complex to regulate astral MT plus-ends dynamics and establish proper contacts of MTs with the cell cortex to ensure precise cell division.
INTRODUCTION
Mitotic cell divisions are essential for the accurate partitioning of genetic material into two daughter cells. Inappropriate segregation of chromosomes during mitosis leads to aneuploidy and genomic instability (1) . During the mitotic phase of the cell cycle (M phase), microtubules (MTs) undergo dynamic reorganization to coordinate chromosome separation. Mitotic spindles are assembled by dramatic MT remodeling and emanate from the centrosome, an MT-organizing center, also called the spindle pole (2) . The centrosome participates in MT nucleation and anchoring MT minus-ends. The core component of the centrosome is a centriole pair composed of a mother centriole and a daughter centriole, which recruits pericentriolar material components (3, 4) . The centrosome duplication cycle is precisely controlled to preserve centrosome number and proper centriole assembly (5) . Importantly, mammalian cell division planes are mainly determined by the positioning of bipolar mitotic spindles (6) . In addition, the spatiotemporal interactions between the cell cortex and astral MT plus-ends have critical roles in mitotic spindle regulation (7 -9) . Several MT plus-end binding proteins mediate dynamic contacts of astral MT plus-ends to the cell cortex by interacting with cortical force generators on the membrane (10) .
Many of the proteins important for mitosis have been discovered, although much of the detailed mechanisms employed by each protein involved in cell division remains to be understood. Among those mitotically important proteins, LIS1 is part of a complex that interacts with diverse cortical factors and centrosomal proteins at kinetochores on the chromosomes, the mitotic spindles and the cell cortex, and it has been implicated in the regulation of the mitotic spindles and chromosome segregation during mitosis (11) (12) (13) . Human LIS1 was first identified as a causative gene of human lissencephaly ('smooth brain'), a severe neuro-developmental disease (14, 15) . Heterozygous mutation or deletion of human LIS1 leads to this brain malformation due to defects in neuronal migration. LIS1 is also part of a highly conserved protein complex first discovered in Aspergillus nidulans that is responsible for nuclear distribution (NUD) and functions in cytoplasmic dynein regulation (16, 17) . LIS1 homologues from Aspergillus to mammals form a complex with cytoplasmic dynein and NUD proteins (18 -20) . Cytoplasmic dynein is a MT minus-end-directed motor involved in mitotic spindle assembly by regulating MT dynamics especially at astral MTs and mediating poleward transport of spindle assembly checkpoint proteins (21) (22) (23) (24) (25) . Through its motor activity, cytoplasmic dynein exerts pulling forces on the chromosomes. Dynactin, an accessory linker protein complexed with dynein subunits, also contributes to these cellular functions by assisting cargo loading and increasing processivity (26) . Cortically anchored cytoplasmic dynein/dynactin complexes are important cortical force generators along MTs (24, 27) that are essential for mitotic spindle formation and positioning in M phase (21, 28) , and LIS1 has been implicated in dynein targeting at MT plus-ends along astral MTs during cell division of various cell types (11, 20, 29) . In addition, several NUD family proteins associate with both LIS1 and cytoplasmic dynein. Two mammalian NudE homologues, NDE1 and NDEL1, interact with LIS1/cytoplasmic dynein complex (19, (30) (31) (32) (33) (34) . NDE1 and NDEL1 display prominent centrosomal localization, as does LIS1 (19, 32, 35) . NDE1 is required for targeting of LIS1 to the cytoplasmic dynein complex to generate persistent motor forces (36, 37) , while NDEL1 has been implicated in the process of LIS1/ dynein recruitment, serving as a scaffold (11, 38, 39) . In addition, a subset of NDE1 and NDEL1 proteins is observed in close proximity to the cell cortex where LIS1 accumulates (13, 40, 41) . These previous studies support the notion that the LIS1 -NDE1/NDEL1 -dynein/dynactin complex is likely part of the protein machinery needed to coordinate various signals from the cell cortex to the mitotic spindles by generating pulling forces on spindle MTs. Despite these studies, the precise functions of LIS1 and its complex during mitosis remain elusive. Furthermore, it is unclear whether other components of LIS1 protein complex are involved in LIS1-dependent mitotic spindle regulation during mammalian cell division.
We took advantage of genetic null (knock-out, KO) and hypomorphic-conditional (HC) alleles of Lis1 (42, 43) to uncover the critical dose-dependent roles of LIS1 in mouse embryonic fibroblasts (MEFs) and mouse neural progenitors (NPs). Previously, we found that Lis1 deficiency in mouse brains resulted in apoptosis and mitotic spindle orientation defects in NPs, while in MEFs loss of Lis1 led to severe defects in cell growth and MT capture at the cell cortex in interphase cells (13) . In the current study, we used Lis1 mutant MEFs and performed time-lapse live cell imaging of mitotic progression compared with WT MEFs, to examine the functions of LIS1 during mitosis. We also analyzed mitotic spindle organization in detail by examining centrosome integrity and number. To address the mechanism of LIS1-dependent spindle regulation, we overexpressed several candidate protein complexed with LIS1 in Lis1 mutant MEFs and tested whether any of them can rescue spindle misorientation defects caused by Lis1-deficiency. Importantly, we performed time-lapse live cell imaging of MT plus-ends in Lis1 mutant MEFs to explore changes in the dynamics of astral MTs reaching to the cell cortex. Thus, by using both genetic and conditional Lis1 mutant MEFs with reduced LIS1 protein amount, we investigated essential functions of LIS1 complex to form proper mitotic spindle during mammalian cell division.
RESULTS

Perturbed mitotic progression in mitosis of Lis1 mutant MEFs
To investigate cellular functions of mouse LIS1 during mitotic cell division, we performed time-lapse live cell imaging of mitosis of Lis1 mutant MEFs isolated from Lis1 mutant conditional knock-out (CKO) mice that harbor HC alleles of mouse Lis1. Tamoxifen (TM)-inducible Cre (44) mice were mated to produce homozygous Lis1 CKO mice (CreER TM ;Lis1 hc/hc , hereafter termed Lis1-CKO-Cre) to acutely delete the Lis1 gene upon TM treatment, which reduced the LIS1 protein level to ,10% of wild-type (WT) levels after 72 h incubation, as described in our previous study (13) . Control mice contained two normal WT Lis1 alleles with the Cre transgene (CreER TM ;Lis1 +/+ , hereafter termed WT-Cre). To visualize dynamic movements of chromosomes and MTs simultaneously during mitotic progression, we infected MEFs with retroviruses encoding histone 2B (H2B)-GFP (45) and mCherry -a-tubulin, followed by treatment with 4-hydroxy-TM for 12 h. Live cell imaging revealed that Lis1-CKO-Cre MEFs treated with TM (CreER TM ;Lis1 hc/hc + TM) exhibited a high frequency of abnormalities during mitosis that were not observed in WT-Cre MEFs (Supplementary Material, Video S1). In prometaphase, Lis1-CKO-Cre MEFs often formed extra centrosomes (e.g. four centrosomes) ( Fig. 1A and Supplementary Material, Video S2) (See below). Loss of LIS1 frequently resulted in a kinked and curved morphology of the mitotic spindle. As the mitotic cell cycle eventually proceeded into metaphase, Lis1-CKO-Cre MEFs displayed chromosomes roughly aligned near the metaphase plate along with pseudo-bipolar spindles. In anaphase, Lis1-CKO-Cre MEFs retained several misaligned and unattached chromosomes, which ultimately resulted in chromosome missegregation and lagging chromosomes in telophase. The average time from nuclear envelope breakdown to metaphase plate formation was not significantly extended in Lis1-CKO-Cre MEFs (17.2 + 0.8 min) compared with those of WT-Cre MEFs (16.2 + 0.9 min), indicating that acute loss of LIS1 did not severely impair the timing of metaphase plate formation (Fig. 1B) . However, the average time from metaphase to anaphase onset was significantly delayed from Lis1-CKO-Cre MEFs (9.9 + 0.9 min) compared with those of WT-Cre MEFs (6.1 + 0.9 min) (Fig. 1C) . We obtained similar results of mitotic delay from a different analysis of anaphase onset timing that determines the accumulative percentage of cells that enter anaphase. The time when 50% cells entered anaphase was longer in Lis1-CKO-Cre MEFs (t 50% ¼ 10 min) than WT-Cre MEFs (t 50% ¼ 5 min) by 2-fold (Fig. 1E) . The total duration of mitosis from nuclear envelope breakdown to anaphase onset Fig. S1A and B) (13) . In WT MEFs, LIS1 was enriched at the centrosomes ) and control WT-Cre MEFs (CreER; Lis1 +/+ ). MEFs were co-infected with H2B-GFP (green) and mCherry-a-tubulin (red) retroviruses. Cre activation was induced by treatment of 4-hydroxy-TM for 12 h. Inset from WT-Cre; Metaphase-normal spindle morphology (mCherry-a-tubulin). Insets from Lis1-CKO-Cre; Late prometaphase-kinked and curved spindle morphology (mCherry-a-tubulin), Anaphase-arrowhead: unattached chromosomes (H2B-GFP), Telophase-arrow: lagging chromosomes (H2B-GFP). Minutes indicate the time from nuclear envelope breakdown. Scale bar: 10 mm. and the kinetochores from prometaphase to metaphase. A majority of LIS1 was cytosolic, but a small fraction of LIS1 was also observed near the cell cortex as puncta. From metaphase to anaphase, LIS1 immunostaining overlapped with MTs along the mitotic spindles. Prior to telophase, a majority of LIS1 co-localized with the centrosomes in WT MEFs. In contrast, Lis1 hc/ko MEFs displayed significant reduction in LIS1 distribution in the cytoplasm, although centrosome-specific localization of LIS1 appeared to be maintained. In metaphase, LIS1 puncta accumulated at several kinetochores near the metaphase plate in Lis1 hc/ko MEFs. Importantly, mitotic spindle-associated LIS1 mostly disappeared in these Lis1 hc/ko MEFs (Supplementary Material, Fig. S1A ). Together, these observations support critical mitotic functions of mouse LIS1 at the centrosome, the mitotic spindle and the cell cortex in M phase (12) , suggesting that the LIS1 protein complex may mediate mitotic functions in these specific intracellular compartments.
Formation of extra centrosomes caused by loss of Lis1
Time-lapse live cell imaging revealed that the incidence of multiple centrosomes (more than two centrosomes) was increased in Lis1 mutant MEFs ( Fig. 2A) . Lis1-CKO-Cre MEFs had a greater than 5-fold increase in the occurrence of centrosome amplification (Lis1-CKO-Cre: 28.1% versus WT-Cre: 5.1%). However, this rarely resulted in multipolar spindle formation during mitosis, since only 1.4% of Lis1-CKO-Cre MEFs displayed multipolar division (1/73) compared with none in WT-Cre MEFs (0/39) (Fig. 2B) .
To determine whether centrosome amplification is a common feature resulting from the reduction in LIS1, we performed g-tubulin staining in WT and Lis1 hc/ko MEFs. Similar to Lis1-CKO-Cre, Lis1 hc/ko MEFs frequently displayed centrosome amplification. Lis1 hc/ko had a nearly 2-fold increase in the occurrence of multiple centrosomes (Lis1 hc/ko : 18.7% versus WT: 10.8%) ( Fig. 2C and D) . Notably, the occurrence of cells with three and four centrosomes was increased about 3-fold and 2-fold in Lis1 hc/ko MEFs, respectively. The frequency of six centrosomes was also increased in Lis1 hc/ko MEFs (Fig. 2E) . Thus, LIS1 reduction results in centrosome amplification.
Abnormal centrosome integrity caused by clustering of amplified centrosomes in Lis1 mutant MEFs
To test whether Lis1-deficiency impairs centrosome structure in Lis1 mutants, we performed pericentrin immunostaining and found that the size and shape of percentriolar material in Lis1 hc/ko MEFs were abnormal compared with WT MEFs. Lis1 hc/ko MEFs frequently had apparently enlarged spindle poles with larger amounts of percentriolar material than WT, even in cells undergoing bipolar division with two clearly distinguished centrosomes. This generated asymmetry of the two spindle poles in Lis1 hc/ko MEFs, while symmetric bipolar spindles were maintained in WT MEFs (Fig. 3A) . In addition to asymmetric spindles, Lis1 hc/ko MEFs displayed an elongated, cylindrical shape of the pericentriolar material rather than a normal spherical shape (Fig. 3C) , suggesting that LIS1 is required for maintaining proper centrosome integrity and assembly.
We assessed whether LIS1 is necessary for the regulation centrosome organization or centrosome maturation by co-immunostaining with centrosome or centriole markers and several centrosome maturation markers that are associated with centriole distal/subdistal appendages. Mature centriole appendage proteins such as cennexin/ODF2 (46), ninein (47) and Cep164, another mother centriole marker (48) , displayed intact localization at the centrosomes in Lis1 hc/ko MEFs (Fig. 3B -D) . Only one centrin-positive centriole among a centriole pair had cennexin/ODF2 or ninein-immunoreactivity, suggesting that the centrosomes in Lis1 hc/ko MEFs undergo normal centrosome maturation. However, a significant fraction of Lis1 hc/ko MEFs with bipolar spindles displayed a 'centrosome clustering' phenotype (with more than two pairs of centrioles with normal configuration in one pole), a phenotype reported in the cells with extra centrosomes (49, 50) . Clustered spindle poles displayed a large amount of pericentrin-positive pericentriolar materials (Fig. 3C) .
The cennexin/ODF2-positive mother centriole functions as a basal body, an anchor of non-motile primary cilium originating in interphase (51) . We hypothesized that the frequent appearance of extra centrosomes in Lis1 hc/ko MEFs may result in the formation of multiple primary cilia in these cells. 
Chromosome missegregation and less recruitment of kinetochore proteins in Lis1 mutant MEFs
Time-lapse live cell imaging revealed congression of chromosomes at the metaphase plate in WT and Lis1-CKO-Cre MEFs, but metaphase plates were less compact and displayed distorted morphology in Lis1-CKO-Cre MEFs compared with those of control WT-Cre MEFs (Fig. 4A) . We also observed an increase in the number of misaligned and unattached chromosomes scattered away from the metaphase plate in Lis1-CKO-Cre MEFs. Lis1-CKO-Cre MEFs displayed a 2-fold increase of lagging chromosomes in anaphase (Fig. 4B ) compared with WT-Cre MEFs (Fig. 4D) . We categorized the occurrence of lagging chromosomes into three groups: none, few and numerous lagging chromosomes. Numerous lagging chromosomes were frequently observed (76.7%) in Lis1-CKO-Cre MEFs compared with WT-Cre MEFs (Fig. 4C ). In addition, other types of severe chromosome segregation defects were also found in Lis1-CKO-Cre MEFs. There was a 3-fold increase in intracellular chromatin bridges and a 3-fold increase in micronuclei found in daughter cells derived from mitosis of Lis1-CKO-Cre MEFs compared with WT-Cre MEFs (Fig. 4D ).
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We reasoned that these chromosome congression and separation defects in Lis1-deficiency were caused by misregulation of protein targeting to kinetochores, since LIS1 is a known kinetochore-binding protein in prophase and prometaphase (12) . Targeting of LIS1 to kinetochores (identified with CREST staining) was reduced to 50% in Lis1 hc/ko MEFs, as expected due to an overall 35% reduction of LIS1 protein in these cells compared with WT (Supplementary Material, Fig. S3A ). In addition, there was an overall reduction in kinetochore recruitment of dynein subunits, including the dynein intermediate chain (DIC70.1) and the dynactin subunit p 150 Glued , to 40 and 50%, respectively, compared with WT (Supplementary MEFs may result from a depletion of kinetochore-targeted proteins such as LIS1, the dynein/dynactin complex and CLIP170.
Impairment of mitotic spindle formation and spindle misorientation in Lis1 mutant MEFs
Previously, it was shown that LIS1 overexpression results in spindle misorientation in MDCK cells (12) , and that Drosophila Dlis1 mutants as well as mouse Lis1 mutants display mitotic spindle defects in NP division (13, 52) . Consistent with these findings, we uncovered defects in spindle formation and positioning from time-lapse live cell imaging of Lis1-CKO-Cre MEFs (Fig. 1A) . To determine mitotic spindle orientation parallel to the cell-substrate adhesion plane, which occurs in adherent cells (53), we arrested MEFs in metaphase by treatment with MG132. Pericentrin, a pericentriolar marker of centrosomes (54) , was used to identify spindle poles. Confocal images from WT MEFs displayed a relatively narrow centrosomal distribution in the same or adjacent confocal planes along the cell axis. In contrast, Lis1 hc/ko MEFs exhibited a high degree of spindle tilting compared with the substrate plane (Fig. 5A ). Spindle angle (a8, measured by an amplitude of angle between centrosomes and the plane of cell substrate, shown in Fig. 5B ) was significantly increased in Lis1 hc/ko MEFs. The average spindle angle in Lis1 hc/ko MEFs (a8 ¼ 16.9 + 1.5) was increased about 2-fold compared with WT MEFs (a8 ¼ 10.0 + 1.2) (Fig. 5C ). Since Drosophila Dlis1 mutants displayed defects in centrosome separation during mitosis of NPs (52), we expected that the distance between the two spindle poles may be impaired in Lis1 hc/ko MEFs. Lis1 hc/ko MEFs displayed a moderate change in pole distance (8.8 + 0.2 mm) compared with WT MEFs (7.9 + 0.2 mm), reflecting alteration in the pulling forces on two spindle poles (Fig. 5D) .
To determine whether spindle misorientation in Lis1 (Fig. 6A and B) . We also examined the distribution ratio of dynactin subunit pools between equatorial cortex- 
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Human Molecular Genetics, 2014, Vol. 23, No. 2 associated and polar cortex-associated p150 Glued , but this ratio was not significantly altered in Lis1 hc/ko MEFs (Lis1 hc/ko : 1.0 + 0.1% versus WT: 1.0 + 0.1%) (Fig. 6C ). In addition, astral or central MT-associated p150
Glued signals were prominent in WT MEFs, but they were severely reduced in Lis1 hc/ko
MEFs. Reduced localization of cortical dynein/dynactin complex in M phase may ultimately result in spindle misorientation in Lis1 hc/ko MEFs. These findings suggest that LIS1 mediates dynein/dynactin targeting to the cell cortex in this cell cycle, contributing to spindle orientation and positioning to ensure proper cell division.
Abnormal interaction between plus-ends of astral MTs and the cell cortex in Lis1 mutant MEFs
Previous studies (12, 13) and the dynein/dynactin studies described above (Fig. 6 ) suggested that astral MTs may be reduced in Lis1 hc/ko MEFs, so we examined astral MTs in great detail. We found that WT MEFs in early anaphase displayed clear astral MTs -cortex interactions that maintained a wide angle compared with lateral surface of the cell cortex [end-on interaction, Fig. 7A and B, see (55) ]. Each lobe of the polar cortex was filled with straightened astral MT tips, suggesting there were pulling forces between spindle poles and the cell cortex. In contrast, the radial arrays of astral MTs were reduced in Lis1 hc/ko MEFs. These astral MTs were often curled and contacted the cell cortex laterally with a shallow angle [lateral or side-on interaction, MT sliding, Fig. 7A and B, see (55) ], suggesting that these astral MTs were not under strong tension. The angles between astral MT tips and the cortical membrane were measured (u8). The lateral interaction (u8 , 60) of astral MTs to the polar cortex was significantly increased in Lis1 hc/ko MEFs (Lis1 hc/ko : 29.6% versus WT: 69.2%) ( Fig. 7B and C) . In addition, astral MTs in WT MEFs never crossed the equatorial region where the cleavage furrow forms, but in the case of Lis1
MEFs with extra centrosomes, a fraction of astral MTs connected to the opposite polar cortex far from the closer pole (Fig. 7A, right panel) .
The dynein/dynactin complex is targeted to MT plus-end tips by EB1, a MT plus-end binding protein (56, 57) , and is necessary for establishment of astral MTs and appropriate spindle orientation in M phase (53) . To investigate the interaction between MT plus-end tips and the cell cortex, we examined EB1 localization and distribution in WT and Lis1 hc/ko MEFs. In metaphase, WT MEFs displayed many discrete EB1-labeled MT plus-end tips nearly touching the cell cortex (Fig. 7D) , whereas fewer MT plus-end tips were found in the vicinity of the cell cortex and the length of each astral MT strand was reduced in Lis1 hc/ko MEFs (Fig. 7D) . We analyzed the relative astral MTs signal intensity with EB1 comets in metaphase-arrested cells from each genotype. Lis1 hc/ko MEFs had less astral MT comets compared with WT MEFs by 0.73-fold (Lis1 hc/ko : 1.00 + 0.04 versus WT: 0.73 + 0.01) (Fig. 7E) . Together, these data support the notion of reduced spindle pulling forces in Lis1 hc/ko MEFs by aberrant and weakened interactions between astral MTs and the cell cortex.
Reduced density of astral MT plus-ends near the cell cortex in Lis1 mutant MEFs
To further investigate how LIS1 affects the dynamics of MT plus-ends, we performed time-lapse live cell imaging experiments in EB1-GFP expressing MEFs undergoing M phase and traced MT plus-end comet movements by confocal microscopy. In WT MEFs, the growing MT plus-end comets (EB1-GFP) were generated mainly from the centrosomes and EB1 comets established transient contacts to the cell cortex in metaphase (Fig. 8A and Supplementary Material, Video S3). The frequency of EB1 comet contacts with the cortex was further increased at the onset of anaphase with spindle pole elongation, suggesting that pulling forces were generated from this MT-cortex interaction. However, Lis1 hc/ko MEFs displayed significantly decreased numbers of MT asters with EB1 comets, and the frequency of transient interactions of MT plus-end tips with the cell cortex was also reduced (Fig. 8B and Supplementary Material, Video S4 ). These findings demonstrate that cortical interactions of MT asters were significantly impaired in Lis1-deficient mitosis. (Fig. 9A) . In a previous study, a low dose of taxol treatment had been used to restore astral MTs by MT stabilization (58) . We noted that a low dose of taxol treatment in Lis1 hc/ko MEFs led to astral MT enrichment (based on EB1 staining, data not shown). Importantly, taxol rescued spindle misorientation. The average angle of spindle orientation from taxol-treated Lis1 hc/ko MEFs was similar to those of taxol-treated WT MEFs (taxol-treated Lis1 hc/ko : a8 ¼ 12.6 + 1.5 versus taxol-treated WT: a8 ¼ 12.7 + 1.5) (Fig. 9A) . These results suggest that taxol treatment can restore MT plus-end movements near the cell cortex by stabilizing astral MTs in Lis1 hc/ko MEFs. Since LIS1 and its binding partner proteins, NDE1, NDEL1 and cytoplasmic dynein, are all localized close to the cell cortex in WT MEFs, we hypothesized that ectopic overexpression of these proteins may rescue spindle misorientation of Lis1 hc/ko MEFs during mitosis by sequestering the remaining LIS1 to help transport it to the critical sites such as the cell cortex. We generated a series of retroviruses encoding GFP, GFP-LIS1, GFP-NDEL1, GFP-NDE1 and GFP-DIC1. MEFs were transduced with each virus and spindle orientation was measured from metaphase-arrested GFP-positive cells. As expected, spindles were severely misoriented in GFP-infected Lis1 hc/ko MEFs (Lis1 hc/ko + GFP, control) (Fig. 9B) . Overexpression of ectopic LIS1 in WT MEFs resulted in severe spindle misorientation (Fig. 9B) , suggesting that precise levels of LIS1 are critical for normal spindle orientation. As a control, normal spindle orientation in Lis1 hc/ko MEFs was restored by overexpression of GFP-LIS1. Interestingly, Lis1 hc/ko MEFs infected with GFP-NDEL1 and GFP-DIC1 displayed significantly reduced and rescued spindle angles compared with GFP-infected control Lis1 hc/ko MEFs to the spindle angles similar to normal WT MEFs (Fig. 9B) . However, GFP-NDE1 overexpression did not rescue spindle misorientation in Lis1 hc/ko MEFs. These results support the interpretation that LIS1 acts cooperatively with NDEL1 and dynein, but not NDE1, to regulate precise spindle orientation via a LIS1-NDEL1-dynein complex to regulate MTs. In contrast, overexpression of GFP-LIS1 did not result in corrections of the abnormal numbers of centrosomes in the Lis1 hc/ko MEFs. This phenotype may be the result of chronic reduction of LIS1 protein levels, and may not be corrected by expression of LIS1 over the short time frame of this experiment. To test whether the loss of function of each protein component of LIS1 protein complex has similar effects on spindle orientation, we measured spindle angles in MEFs derived from NDE1 KO (Nde1 ko/ko ) and NDEL1 CKO (Ndel1 hc/hc ) mice. To obtain NDEL1 complete KO MEFs, Ndel1 hc/hc MEFs were infected with Cre -mCherry retrovirus and only mCherry-positive MEFs were selected for spindle measurement. Loss of NDE1 in MEFs severely disrupted spindle orientation, consistent with a previous report that NDE1 siRNA-mediated knockdown in HeLa cells resulted in severe spindle misorientation with reduced cortical dynein/dynactin (59) . However, loss of NDEL1 did not affect spindle orientation (Fig. 9C) . To address whether the cortical recruitment of dynein/dynactin is a critical common mechanism to regulate mitotic spindle, we performed experiments that modulate the activity of LGN (Leu-Gly-Asn-enriched protein). LGN mediates cortical targeting of dynein/dynactin complexes (60, 61) . Similar to LIS1, LGN is enriched at the cell cortex during mitosis of various mammalian cells (60) and LGN acts in upstream pathway of cortical dynein/dynactin recruitment to regulate proper spindle positioning (61) . Overexpression of a GFP-LGN-C terminal fusion protein (hereafter, termed GFP-LGN-C) led to exclusive targeting of LGN specifically at the cell cortex (61,62) to disrupt cortical recruitment of dynein/dynactin. We introduced a GFP-LGN-C retrovirus in WT MEFs. Similar to Lis1 mutant MEFs (Lis1 hc/ko ), GFP-LGN-C overexpression in WT MEFs displayed severe defects in spindle orientation (Fig. 9C) .
DISCUSSION
Heterozygous loss of function of human LIS1 results in the severe neurodevelopmental brain malformation disorder lissencephaly, a neuronal migration disorder. We and others demonstrated that LIS1 plays important roles during mitosis in mammalian cells (12, 13, 20, 63) . Using Lis1 mutant mice, we previously showed that Lis1-deficiency causes growth defects of MEFs and cell death of self-renewing NPs (13) . However, the exact cellular mechanisms regulated by LIS1 at intracellular compartments during mitosis are not well understood. Due to a severe prometaphase arrest in M phase resulting from complete loss of function by siRNA-mediated knockdown or antibody injection against LIS1 (12, 20, 63) , the dose-dependent mitotic functions of mammalian LIS1 protein have not been determined in previous studies. Here, we studied the detailed cellular processes regulated by LIS1 at different intracellular compartments of MEFs. We took advantage of our Lis1 genetic allelic series to control LIS1 protein levels by using Lis1 mutant MEFs, employing both TM-inducible acute conditional KOs (CreER, Lis1 hc/hc + TM) and conventional KOs (Lis1 hc/ko ) with 35% LIS1 protein compared with WT. We found that mouse LIS1 is essential for maintaining normal centrosome numbers and preserving centrosomal integrity in mitotic cycle (Fig. 10) . LIS1 has kinetochorespecific functions to complete chromosome congression by recruiting several kinetochore proteins to ensure anaphase progression with chromosome segregation. Time-lapse live cell imaging of MEFs undergoing M phases revealed that LIS1 plays crucial roles in mitotic spindle organization and structure. We also found that LIS1 is an important regulator of LIS1 -NDEL1 -dynein complex to enhance astral MT plus-end dynamics and to mediate offloading of dynein/dynactin on the cell cortex to establish proper spindle orientation during mitosis (Fig. 10) . Interestingly, detailed functions of mouse LIS1 in Centrosome amplification at MT minus-ends in Lis1-deficient mitosis Lis1 CKO MEFs frequently displayed aberrant centrosome number, suggesting that LIS1 is indispensible for centrosome maintenance. The extra centrosomes in Lis1 hc/ko MEFs transiently clustered into two distinct opposite poles to form a pseudobipolar spindle. Since the presence of extra centrosomes delays mitotic progression (67) , LIS1 may be involved in mitotic checkpoint control by maintaining a consistent centrosome number. Three possible mechanisms can cause abnormal centrosome numbers: (i) misregulation of centrosome assembly, (ii) failure of cytokinesis, and (iii) dysfunction of the centrosome duplication cycle (68, 69) . Centrosome morphology was abnormal in a majority of Lis1 hc/ko MEFs because of centrosome clustering, suggesting that there are minor defects in centrosome assembly in Lis1 hc/ko MEFs. However, the configuration of amplified centrosomes as mother-daughter centriole pairs and centrosome maturation were normal in Lis1 hc/ko MEFs. Due to centrosome amplification, the over-production of multiple mother centrioles in M phase led to the formation of multiple primary cilia in interphase. We recently found defects in cytokinesis in Lis1 hc/ko MEFs (unpublished data), which may partially contribute to centrosome number abnormality in Lis1-deficiency. Finally, dysregulation of the centrosome duplication cycle may be evoked by loss of LIS1 by misregulating a signaling pathway. For example, aberrant activation of Rho GTPases enhances ROCK2 kinase activity and promotes centrosome amplification (70) (71) (72) . Lis1 heterozygous MEFs (Lis1 ko/+ ) displayed elevated RhoA GTPase activity (73), suggesting that a high level of LIS1 protein expression is required for inhibiting RhoA GTPase. Therefore, misregulated RhoA signaling in Lis1 hc/ko MEFs may cause ROCK activation to induce centrosome over-duplication. Human
Missegregation of chromosomes and fate determinants in Lis1-deficient mitosis
Appropriate levels of LIS1 protein at kinetochores are required for spindle checkpoint control to inhibit improper kinetochore-MT attachments and to execute chromosome segregation and inheritance by recruiting other kinetochore proteins (dynein and CLIP170). Extra centrosomes in Lis1 hc/ko MEFs may lead to merotelic kinetochore-chromosome attachments by interfering with kinetochore-MT capture (74) . Improper kinteochore-MT attachments and extra centrosomes promote genomic instability by generating aneuploid daughter cells. The frequent formation of chromatin bridges and micronuclei in Lis1-deficient mitosis reflect severe chromosome segregation defects. It has been shown that a human hepatocellular carcinoma cell type displays downregulation of LIS1 mRNA and protein, and the severity of tumor formation is strongly correlated with LIS1 downregulation (75) . This suggests that LIS1 may act as a tumor suppressor under certain conditions. Together with our data, this study supports the notion that LIS1 is required for maintaining genomic stability to prevent the loss of chromosomes during mitosis.
LIS1-dependent centrosome number maintenance may play critical roles in the maintenance of genomic stability essential for asymmetric NP division during development. In Drosophila, PLK4 homologue mutants induce extra centrosome formation and misalignment of apical cell fate determinants during NP divisions (76) . Multiple centrosomes-harboring NPs misorient the mitotic spindle and the relationship between mitotic spindles and apical markers was disrupted. We also frequently observed three centrosomes in apical NPs from Lis1 mutant embryonic mouse brains (unpublished data), suggesting that mammalian NP cells may employ similar mechanisms.
Spindle misorientation and reduced interaction between astral MT plus-ends and the cell cortex during mitosis in Lis1 mutant MEFs Mitotic spindle orientation is critical for the proper segregation of chromosomes to the daughter cells. Here, we demonstrate that Lis1 mutant MEFs showed significant spindle misorientation with severe tilting compared with adhesion plane. Similarly, we previously found spindle orientation defects in NPs from Lis1 mutants (13) . NDEL1-(77) and NDE1-depleted NPs (78) also displayed severe spindle misorientation. In the present study, we showed that Lis1-deficiency results in reduced cortical dynactin p150
Glued in M phase of MEFs. The number of astral MTs and the frequency of movements of EB1-labeled MT plus-ends reaching to the cortex were significantly reduced in Lis1 hc/ko MEFs. Due to the loss of LIS1, a key component of the LIS1-NDEL1-dynein/dynactin complex, MT asters may become destabilized at the cell cortex. By overexpression experiments, we confirmed that NDEL1 and dynein are the core mediators acting in LIS1-dependent pathways of mitotic spindle regulation. Most recently, it was shown that stationary barrier-or bead-attached dynein controls the dynamics of MT plus-ends in vitro (79, 80) . In addition, it has been shown that LGN functions as an upstream regulator to target cortical dynein/dynactin in HeLa cells (61) . Taken together, these data indicate that LIS1-(or LGN-) mediated cortical targeting of dynein/dynactin complex is a key cellular mechanism to regulate contacts between astral MT plus-ends and the cell cortex during mitosis.
In addition to the function of the LIS1 -NDEL1 -dynein complex near the cell cortex that controls MT dynamics in mitotic spindles, other cytoskeletal components may contribute to the mitotic function of LIS1. Subcortical actin cytoskeletal components as well as actin retraction fibers at the adhesion sites have been implicated in mitotic spindle formation (81, 82) . Interestingly, Lis1 heterozygous mutant neurons (Lis1 ko/+ ) displayed misregulated actin fibers at the leading edges during cell migration (83) . This finding raises the possibility that dysfunction of the actin cytoskeleton affected by reduced LIS1 has at least an indirect impact on actin-dependent mitotic spindle regulation. The cell cortex is a critically important site for vigorous crosstalk and interactions between MTs and the actin cytoskeleton to integrate signal cues into mitotic spindle regulatory pathway. In the current study, we conclude that LIS1, as a central component of LIS1 -NDEL1 -dynein complex, participates in the regulation of MT plus-ends dynamics on astral MTs near the cell cortex to ensure mitotic spindle positioning and orientation. In future studies, it will be interesting to determine whether LIS1 directly regulates the actin cytoskeleton to promote actin fiber assembly at the cortical adhesion-binding sites during mitosis.
MATERIALS AND METHODS
Mice
Lis1 null (Lis1 ) and HC (Lis1 hc , formerly referred to as Pafah1b1 tm2Awb(loxP) ) alleles were used, which were described previously (13, 42) . Previously reported Nde1 null (Nde1 ko , formerly referred to as Nde1 tm1Caw ) allele (78) and Ndel1 HC KO (Ndel1 hc , formerly referred to as Ndel1 tm1Shr ) allele (84) were used for spindle orientation analysis. To induce Cre recombinase activation to delete Lis1 conditional allele, the TM-inducible CreER TM line (44) was used to mate with Lis1 mutant mice.
Cell culture
Primary MEFs were derived from E14.5 embryos and were cultured in DMEM (Mediatech) supplemented with 12.5% FBS (Gibco), penicillin/streptomycin and L-glutamine at 378C in a 5% CO 2 incubator. All MEFs used in this study were less than passage 4 (13) . CreER TM recombinase activity was induced by administrating 4-hydroxy TM (Sigma, 100 nM) dissolved in culture media. H293T cells for viral packaging were maintained in 10% FBS (Gibco) in DMEM medium (Mediatech).
Retrovirus production and MEF infection
To produce retroviruses, pMV-GP (gag, pol), pCMV-G (VSV-G env) and pCX retroviral vectors were purified by Endofree Plasmid Maxiprep kit (Qiagen) and transfected in H293T cells with TransIT-LT1 transfection reagent (Mirus). Packaging vectors (pMV-GP, pCMV-G) were gifts from Atsushi Miyanohara (UCSD). pCLNR-H2BG (H2B-GFP) was a gift from Geoffrey Wahl (Salk institute, Addgene plasmid #17735). To construct pCX -mCherry -a-tubulin retroviral vector, cDNA
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Human Molecular Genetics, 2014, Vol. 23, No. 2 of mCherry was amplified by PCR from pcDNA3.1-mCherry derived from an mCherry expression vector (a gift from Roger Tsien, UCSD). The mCherry cDNA PCR product was subcloned into pEGFP-a-tubulin (Clontech) digested with SalI/NotI to generate mCherry -a-tubulin. Then, the PCR product of cDNA encoding mCherry -a-tubulin was ligated into the linearized pCX backbone vector derived from pCX-Centrin2-DsRed (gift from Joseph Gleeson, UCSD) with BamHI/PacI. Other GFP -fusion proteins used for rescue experiments (pCX-GFP-LIS1, pCX-GFP-NDEL1, pCX-GFP-NDE1 and pCX-GFP-DIC1) were generated by cDNA amplification from mammalian expression vectors pCMV-GFP-NDEL1 [described in (85) ], pCMV-GFP-LIS1, pCMV-GFP-NDE1 [gifts from Shinji Hirotsune, Osaka City University, Japan, described in (84)] and pCMV-GFP-DIC1 [gifts from Shinji Hirotsune, described in (86)], followed by BamHI/PacI digestion for cloning into the pCX retroviral vector. To construct the pCX -Cre -mCherry retroviral vector, Cre cDNA PCR product was amplified from pBS500-CreGFP (a gift from Brian Sauer, NIH, Addgene plasmid #11920) and inserted into pcDNA3.1-mCherry with NheI/KpnI. Then Cre -mCherry fusion cDNA was derived from this construct and subcloned into pCX vector with EcoRI/PacI to generate pCX -Cre -mCherry. Protein expression of both Cre and mCherry was confirmed by Cre antibody staining and mCherry fluorescence. To construct pCX-GFP-LGN-C, GFP-LGN-C fragment cDNA was amplified from pIC389 [pBabe-GFP-LGN-C, a gift from Iain Cheeseman, MIT, described in Kiyomitsu and Cheeseman (61)]. We generated pCX-GFP-LGN-C construct by serial introductions of PCR products digested with BamHI/PacI and BamHI, respectively. Viral supernatants (in DMEM without antibiotics and FBS) were collected at 48 h post-transfection and filtered through 0.45 mm filter (Sartorius). MEFs were infected with retrovirus by co-incubating the mixture of viral supernatant and fresh media for 24 h. During infection, 12.5% FBS was supplemented in the viral supernatant media along with 4 mg/ml polybrene (Sigma).
Western blotting
MEFs were lysed in Tris-Triton buffer (10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate) with protease/ phosphatase inhibitors. Lysates were collected on ice and centrifuged. Supernatants with protein extracts were transferred into new tubes, boiled at 958C for 5 min and then stored at 2208C before use. Protein concentrations were determined by the BCA protein assay kit (Pierce) and equal amounts were loaded on a 10% SDS -PAGE resolving gel (Bio-Rad). After electrophoresis, proteins were transferred to a nitrocellulose membrane (Bio-Rad). The membrane was blocked in TBST (TBS with 0.1% Tween 20) with 2.5% skim milk for 1 h at RT and incubated with the following primary antibodies at 48C overnight: rabbit anti-LIS1 (1:1000, a gift from Shinji Hirotsune), mouse anti-a-tubulin (Sigma, 1:8000) and mouse anti-b-actin (Sigma, 1:5000). Secondary antibodies used were HRP-conjugated goat anti-rabbit and goat anti-mouse (Jackson Lab, 1:10 000) which were incubated for 1 h. Antibody binding was detected via the ECL kit (Pierce). Relative protein amount was measured using the ImageJ software after background subtraction.
Immunocytochemistry
MEFs were grown on acid-washed and 0.2% gelatin (Millipore)-coated glass cover slips and fixed with 4% PFA in PBS for 20 min. For centrosomal protein immunostaining and EB1 staining, MEFs were fixed with 2208C cold methanol for 2 min. 2.5% normal goat serum (or FBS) and 0.1% Triton X-100 in PBS were used for blocking for 1 h at RT. The primary antibodies were diluted in blocking buffer and incubated overnight at 48C. The primary antibodies used were: rabbit anti-LIS1 (Abcam, 1:250); mouse anti-a-tubulin (Sigma, 1:500); rat anti-a-tubulin (AbD Serotec, 1:1000); mouse anti-g-tubulin (Sigma, 1:500); rabbit anti-pericentrin (Covance, 1:1000); mouse anti-p150 (1:1000, a gift from Erich Nigg, University of Basel, Switzerland). The following goat secondary antibodies were incubated for 1 h at RT: anti-mouse AlexaFluor-488; anti-mouse Alexa Fluor-594; anti-rabbit AlexaFluor-488; anti-rabbit Alexafluor-568; anti-rat AlexaFluor-488; and anti-rat AlexaFluor-647 (Invitrogen). ProLong gold antifade reagent with DAPI (Invitrogen) was used to counterstain the nucleus and as mounting medium. All the fixed sample images were captured using a Nikon C1si laser-scanning confocal microscope with a ×60 1.4 NA PlanApo oil objective lense (Nikon).
For primary cilia staining, MEFs were serum-starved for 24 h with 0.5% FBS in DMEM and fixed in 4% PFA in PBS. Primary mouse anti-acetylated a-tubulin (Sigma, 1:1000) was used to identify primary cilia. For visualization of astral MTs, MEFs were fixed in 0.25% glutaraldehyde in BRB80 buffer (80 mM PIPES pH 6.8, 1 mM MgCl 2 , 1 mM EGTA) for 10 min, and then treated with 0.2% sodium borohydride in PBS for 20 min, changing the borohydride solution two times. Primary rat anti-a-tubulin antibody was diluted in blocking buffer (2% FBS, 0.1% Triton X-100 in PBS). To visualize cortical dynactin p150
Glued , MEFs were pre-extracted with 0.5% Triton X-100 in PHEM buffer (120 mM PIPES, 50 mM HEPES, 20 mM EGTA, 8 mM MgSO 4 ) with 5 mM taxol (Sigma) for 1 min and then fixed with 2208C cold methanol for 2 min. To compare cortical dynactin p150
Glued , we quantified the amount of staining in metaphase cells from each genotype by measuring fluorescence intensity at two equatorial cortex locations and four polar cortex locations per cell.
Mitotic spindle analysis and cell shape analysis
For analysis of the mitotic spindle, MEFs were arrested in metaphase by treatment with proteosome inhibitor, 10 mM MG132 (EMD biosciences) for 2 h. From the cover slips of MEFs, a series of Z stack images (0.5 mm apart) of metaphase mitotic spindles stained with anti-pericentrin, anti-a-tubulin antibodies were obtained using the Nikon C1si laser-scanning confocal microscope (Biological Imaging Development Center, UCSF). The linear (x -y plane) and vertical (z-axis) distance between spindle poles was measured from Nikon EZ-C1 imaging software. Mitotic spindle length (D) and spindle angles (a8) were calculated by 3D trigometric functions. The drug treatment in Human Molecular Genetics, 2014, Vol. 23, No. 2
MEFs was performed in following conditions: 1 mM taxol (Sigma) were added to the medium and incubated for 30 min after the treatment of 10 mM MG132 for 2 h. Cell shape was analyzed from the MEFs incubated with lipophilic dye, DHCC (3, 3 ′ -dihexyoxacarbo cyanine inodide, Sigma) for 10 min and then treated with 10 mM MG132 for 2 h.
Kinetochore staining and quantification
MEFs were treated with 10 mM nocodazole (Sigma) for 1 h under normal incubation conditions to accumulate proteins at the kinetochores. Then MEFs were fixed with 2208C cold methanol for 2 min. Confocal images were obtained from an Olympus FV1000 laser scanning confocal microscope. From each genotype, 10 cells were analyzed and compared in softWoRx Explorer (Applied Precision) using 10 × 10 window in Data Inspector. Interkinetochore distance was determined using the line segment tool across Z-stacks. The total immunofluorescence of 10 kinetochores was averaged for each cell. Primary antibodies were: 
Time-lapse live cell imaging
Glass-bottom six-well tissue culture plates (MatTek) were used for live cell imaging of mitosis. The plates were pre-incubated with 0.2% gelatin (Millipore) solution before plating MEFs on glass-bottom dishes 24 h prior to live cell imaging. Retroviruses were transduced into primary MEFs by co-incubating with viral supernatants for 24 h. 4-hydroxy TM (100 nM, Sigma) was used for 12 h for CreER TM for Cre transgene activation. MEFs expressing both H2B-GFP and mCherry -a-tubulin retroviruses were recorded with a time-lapse Nikon Ti microscope equipped with 5% CO 2 and a 378C temperature-controlled chamber (Nikon imaging center, UCSF). To monitor long-term mitosis of MEFs, multiple points were selected for acquiring each fluorescence image (GFP/mCherry) with a motorized stage and perfect focus function. Fluorescence was captured with a Coolsnap camera (Roper Scientific) with exposure time of 100 ms for GFP and 200 ms for mCherry. Time-lapse images of cell division were taken every 1 min (up to 12 h). Filters and multipoint scanning were controlled by NIS-Elements imaging software (Nikon).
Tracking EB1-GFP EB1-GFP was amplified using oligos (fwd: caccatggcagtgaacgtatactca and rev: ttacttgtacagctcgtccat) and inserted into pTOPO vector and subsequently cloned into pAd/CMV/V5-DEST with Gateway cloning (Invitrogen). Adenovirus particles were purified as described previously (87) . One microliter of EB1-GFP adenovirus was added to MEF growth media 24 h prior to imaging. Cells were treated with 9 mM RO-3306 (EMD bioscience), a CDK1 inhibitor, for 18 h to arrest cells at the G2/M transition of the cell cycle. Mitosis of MEFs was imaged after drug release by changing to fresh media containing 20 mM HEPES (Sigma).
EB1-GFP protein dynamics were imaged at 378C with a ×100 NA 1.49 oil-immersed objective lens (CFI Apo TIRF, Nikon) equipped with a spinning-disk confocal scanning unit (Borealismodified CSU-X1, Spectral Applied Research) using a Nikon Ti microscope (Nikon) with a 488 nm laser, electronic shutters, a cool charged-coupled device camera (CoolSnap HQ, Photometrics) and controlled by NIS-Elements software (Nikon). MT plus-ends were tracked in time-lapse images from EB1-GFP expressing MEFs acquired every 30 s using perfect focus function. Three sections of Z stacks (2 mm apart) were acquired at every time point.
Online supplementary materials
Supplementary Material, Figure S1 shows LIS1 localization during mitosis from WT and Lis1 mutant MEFs and the amount of protein expression in each genotype. Supplementary Material, Figure S2 shows primary cilia formation from WT and Lis1 mutant MEFs and quantification of multiple cilia. Supplementary Material, Figure S3 shows kinetochore protein staining in WT and Lis1 mutant MEFs and quantification of fluorescence intensity at kinetochores. Supplementary Material, Figure S4 shows quantification of metaphase cell morphology in WT and Lis1 mutant MEFs. Supplementary Material, Video S1 shows the time-lapse live cell imaging of mitotic cell division from CreER TM ;Lis1 
